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SYSTEM AND METHOD FOR ESTABLISHING MOTOR EFFICIENCY 
DUWNG BALANCED OR UNBALANCED OPERATING CONDITIONS 

p a nr nnnilND OF THE INVENTION 

1. Field Of The Invention 

The present invention relates generally to the field of electric motors. More 
particularly, the invention relates to a novel technique for establishing the efficiency of a 
motor under either balanced or unbalanced operating conditions. 



2. Description Of The Related Art 

A wide variety of induction motors are available and are currently in use throughout 
a range of industrial applications. In general, such motors include a stator provided in a 
motor housing and a rotor surrounded at least partially by the stator and supported for 
rotation within the housing. The stator and rotor may be mechanically and electrically 
configured in a variety of manners depending upon a number of factors, including: the 
application, the power available to drive the motor, and so forth. In general, however, 
electric power is applied to the stator to produce a rotating magnetic field to drive the rotor 
in rotation. Mechanical power is transmitted from the motor via an output shaft coupled to 
the rotor. 

In many industrial applications, induction motors are powered by three-phase 
alternating current. When the three-phase alternating voltage is balanced, the three 
phases have approximately the same maximum values for the voltage and current. 
However, the three-phase alternating voltage supplied to a motor may be unbalanced. An 
unbalanced operating condition may be caused by single-phase loads connected one or 
more of the three phases. When the three-phase alternating current is unbalanced, the 
three phases will not have the same maximum values of voltage and current. This 
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unbalanced condition causes additional losses in the motor. As a result, a motor operated 
in an unbalanced condition is not as efficient as a motor operated in a balanced condition. 

Typically, it is desired to know the efficiency at which a motor is being operated. 
5 However, there is no current technique that enables the efficiency of a motor to be 

established when the motor is operated in an unbalanced condition. A need exists for a 
technique to enable the efficiency of a motor operated in an unbalanced condition to be 
established 

10 BRIEF DESCRIPTION OF THE DRAWINGS 

The foregoing and other advantages and features of the invention will become 
apparent upon reading the following detailed description and upon reference to the 
drawings in which: 

1 5 Figure 1 is a perspective view of an electric motor illustrating the various 

functional components of the motor including a rotor and a stator, in accordance with 
certain aspects of the invention; 

Figure 2 is the single-phase steady state equivalent schematic circuit of an 
20 induction motor, according to an exemplary embodiment of the present invention; 

Figure 3 is a system for establishing motor efficiency under balanced or unbalanced 
operating conditions, according to an exemplary embodiment of the present invention; 

25 Figures 4 and 5 are block diagrams of a method for establishing the efficiency of a 

motor operated under balanced or unbalanced conditions, according to an exemplary 
embodiment of the present invention; 
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Figure 6 is an equivalent circuit to the single-phase steady state schematic circuit of 
Figure 2 for a positive sequence of a multiphase electrical input to the motor, according to 
an exemplary embodiment of the present invention; and 

5 Figure 7 is an equivalent circuit to the single-phase steady state schematic circuit of 

Figure 2 for a negative sequence of the multiphase electrical input to the motor, according 
to an exemplary embodiment of the present invention. 

DETAILED DESCRIPTION OF SPECIFIC EMBODIMENTS 

1 0 Turning now to the drawings, and referring first to Figure 1 , an electric motor is 

shown and designated generally by the reference numeral 20. In the embodiment illustrated 
in Figure 1, motor 20 is an induction motor housed in an enclosure. Accordingly, motor 20 
includes a frame 22 open at front and rear ends and capped by a front end cap 24 and a rear 
end cap 26. The frame 22, front end cap 24, and rear end cap 26 form a protective shell, or 

1 5 housing, for a stator assembly 28 and a rotor assembly 30. Stator windings are electrically 
interconnected to form groups, and the groups are, in turn, interconnected. The windings 
are further coupled to terminal leads 32. The terminal leads 32 are used to electrically 
connect the stator windings to an external power cable (not shown) coupled to a source of 
electrical power. Energizing the stator windings produces a magnetic field that induces 

20 rotation of the rotor assembly 30. The electrical connection between the terminal leads and 
the power cable is housed within a conduit box 34. 

In the embodiment illustrated, rotor assembly 30 comprises a cast rotor 36 supported 
on a rotary shaft 38. As will be appreciated by those skilled in the art, shaft 38 is configured 
25 for coupling to a driven machine element (not shown), for transmitting torque to the 

machine element. Rotor 36 and shaft 38 are supported for rotation within frame 22 by a 
front bearing set 40 and a rear bearing set 42 carried by front end cap 24 and rear end cap 
26, respectively. In the illustrated embodiment of electric motor 20, a cooling fan 44 is 
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supported for rotation on shaft 38 to promote convective heat transfer through the frame 22. 
The frame 22 generally includes features permitting it to be mounted in a desired 
application, such as integral mounting feet 46. As will be appreciated by those skilled in the 
art, however, a wide variety of rotor configurations may be envisaged in motors that may 
5 employ the techniques outlined herein, including wound rotors of the type shown, and so 
forth. Similarly, the present technique may be applied to a variety of motor types having 
different frame designs, mounting and cooling styles, and so forth. 

Referring generally to Figure 2, an equivalent circuit for steady state operation of the 
1 0 induction motor of Figure 1 is shown and designated generally by the reference numeral 50. 
The induction motor is powered by an AC power source, designated by reference numeral 
52, having a voltage amplitude V\ and a frequency / The stator of the motor has an 
electrical resistance R\ 9 as represented by reference numeral 54, and a leakage inductance 
L\ 9 as represented by reference numeral 56. The motor also has core loss resistance R c due 
1 5 to core losses in the stator and rotor, designated by the reference numeral 58. The motor 
also has a magnetizing inductance L m , designated by reference numeral 60. The rotor also 
has a resistance, designated by reference numeral 62. As illustrated, the resistance is 
obtained by dividing the rotor resistance R 2 by the slip s of the rotor. Finally, the rotor also 
has a leakage inductance L 2 , as represented by reference numeral 64. Electric current flows 
20 through the stator to produce the magnetic field. The electric current h through the stator is 
represented by arrow 66. In addition, the magnetic field induces an electric current h in the 
rotor, as represented by arrow 68. Finally, electric current flowing through the core loss 
resistance R c and the magnetizing inductance L m is represented by arrow 70. 

25 In a typical AC circuit, the voltage and current vary over time. In an inductive 

circuit, such as an induction motor, the voltage leads the current by an angle, known as the 
phase angle 9. In addition, some power is alternately stored and released by the inductance 
of the circuit. This power is known as the "reactive power." In addition, the resistance of 
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the circuit dissipates power as heat and the load utilizes a portion of the input power, this 
power is known as the "real power." The "apparent power" is the product of the total 
voltage and the total current in the AC circuit. The ratio between the real power and the 
apparent power of a load in an AC circuit is known as the "power factor" of the load. The 
5 cosine of the phase angle is the power factor. 

Referring generally to Figure 3, a system for providing estimated values of various 
motor electrical parameters and motor operating parameters, such as the efficiency of the 
motor, under either balanced or unbalanced operating conditions, is shown and designated 

10 generally by reference numeral 80. The system 80 comprises a power monitoring module 
82 that is electrically coupleable to each of the three phases of the stator: phase A, 
designated by reference numeral 84; phase B, designated by reference numeral 86; and 
phase C, designated by reference numeral 88. The power monitoring module 82 is 
operable to detect input voltage, current, frequency, and power. Current transformers 

1 5 may be used to detect the input current. Voltage transformers may be used to detect the 
input voltage. The power monitoring module 82 may be provided as a stand-alone 
device, as part of a motor, or in a kit form to be added to an existing installed motor. 

The system 80 may comprise additional data gathering devices. For example, the 
20 illustrated embodiment of system 80 also comprises a non-contact thermometer 90 to 

enable the motor temperature to be measured and a strobe light 92 to enable the speed of 
the rotor to be measured. The illustrated system 80 also comprises an ohmmeter 94 to 
enable the stator resistance to be measured. 

25 In the illustrated embodiment, the system comprises a computer 96 having a 

processor operable to process the data received by the power monitoring module 82 and 
the additional data gathering devices. Preferably, the computer 96 operates in accordance 
with programming instructions stored within the computer 96. The computer 96 may 
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have analog-to-digital converters for converting analog data into digital data. In the 
illustrated embodiment, the computer 96 is operable to output data to additional 
computers 96 via a network 98. The computer 96 may be provided as a stand-alone 
device, as part of a motor, or in a kit form to be added to an existing installed motor. 

5 

The electrical input data may also be measured at the motor controller, rather than 
at the motor itself. However, in certain applications the motor controller may be quite 
remote from the motor. To facilitate the measurement of data at the motor, such as the 
rotor speed, and at other locations, such as at a motor controller, a time log of the 

10 measured voltages, currents, power and frequency may be used to record data. The 
voltages, currents, power and frequency corresponding to the time of the speed 
measurement are retrieved from the time log and matched to the speed of the rotor at that 
time. The effect on the electrical input data caused by taking the measurement at the 
motor controller may also be compensated for. First, the length of the cable between the 

1 5 motor and the starter may be measured. In addition, the ambient temperature is measured 
and the gauge of the cable identified. The diameter of the conductor may be calculated 
from the gauge of the cable. The resistance of the cable may be estimated based on the 
operating temperature, the length and diameter of the cable. The cable resistance is then 
subtracted from the total measured resistance to establish the stator resistance. 

20 Furthermore, the power loss in the cable may be established from the measured current 
and estimated cable resistance. The cable power is then subtracted from the measured 
power to obtain the power delivered to the motor. 

Referring generally to Figure 4, a process for establishing values of various motor 
25 electrical parameters and various motor operating parameters under balanced or 

unbalanced operating conditions using the system of Figure 3 is shown and designated 
generally by reference numeral 100. The process comprises obtaining the resistance of 
the stator, as represented by block 102. The stator resistance may be obtained using the 
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ohmmeter 94. The process also comprises obtaining data at a first operating load point 
and providing the data to the computer 96, as represented by block 104. In a presently 
contemplated embodiment, the data obtained at the first load point comprises: input 
voltage data, input current data, input power data, shaft speed data, and stator temperature 
data. The input voltage data and input current data are obtained using the power 
monitoring module 82. The input power may also be obtained using the power 
monitoring module 82. The shaft speed data is obtained using the strobe light 92. 
However, the shaft speed data may be obtained from an installed measuring device. The 
temperature of the stator is obtained using the temperature sensor 90. 

The process also comprises obtaining data from the motor at a second load point 
and providing the data to the computer 96, as represented by block 106. In a presently 
contemplated embodiment, the data obtained at the second load point comprises: input 
voltage data, input current data, input power data, shaft speed data, and stator temperature 
data. Preferably, the motor has a full load at the second load point. As before, the input 
voltage data and input current data are obtained using the power monitoring module 82 
and the shaft speed data is obtained using the strobe light 92. The stator resistance R\ 
data need only be obtained once if the stator temperature is obtained at each load point. 
An increase in the stator temperature will produce an increase in the stator resistance. 
The measured values of the stator temperature may be used to increase the value of the 
stator resistance measured initially to reflect the increase in the stator resistance caused by 
heating. 

The computer 96 is then operated to establish values of various motor electrical 
parameters and various motor operating parameters, such as the efficiency of the motor, 
under balanced or unbalanced operating conditions, as represented by block 108. The 
programming instructions provided to the computer 96 are adapted to utilize a novel 
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technique for establishing the values of the various motor parameters under either 
balanced or unbalanced operating conditions. 

Referring generally to Figure 5, a more detailed block diagram of the process of 
5 establishing values of various motor electrical parameters and various motor operating 
parameters under balanced or unbalanced operating conditions, as represented by block 
108 of Figure 4, is illustrated. In the illustrated embodiment, the computer 96 is 
programmed to utilize the method of symmetrical components to decompose the input 
voltage and current into a balanced set of phasors with a positive sequence and a balanced 
1 0 set of phasors with a negative sequence, as represented by block 1 1 0. The method of 
symmetrical components has been used to analyze the steady state behavior of power 
system apparatus during unbalanced operation. However, the method of symmetrical 
components can also be used to analyze the steady state behavior of power system 
apparatus during balanced operation. 

15 

The input voltage and current to the multiphase motor may be represented as sets 
of phasors, each phasor representing one of the phases of the input power. For example, a 
set of phasors representing input voltage to a multiphase motor may have a phasor 
representing a first phase, a phasor representing a second phase, and a phasor representing 
20 a third phase of the input power to the motor. In a balanced condition, each phasor has the 
same magnitude and differs by an angle of 120 degrees. However, in an unbalanced 
condition, the magnitude of one or more of the phasors differs from the magnitude of the 
other phasors. In addition, the angles between the phasors may differ. 

25 The method of symmetrical components enables the sets of phasors representing 

an unbalanced three-phase input power to be expressed in terms of: (1) a balanced set of 
phasors with an ABC sequence (the positive sequence); (2) a balanced set of phasors with 
an ACB sequence (the negative sequence); and (3) a set of three equal phasors (the zero 
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sequence). The magnitude of each of the phasors in the positive sequence is the same, as 
are the phasors in the negative sequence. This greatly simplifies analysis of the motor 
electrical parameters and operating parameters. The input voltage and the input current 
may each be represented by a balanced set of phasors with a positive sequence and a 
5 balanced set of phasors with a negative sequence. 

The positive sequence generally represents an initial balanced operating condition 
and the negative sequence generally represents the degree of deviation from the initial 
balanced operating state, such that when the two sequences are combined they represent 

10 the actual input to the motor. Thus, the magnitude of the negative sequence increases as 
the input voltage becomes more and more unbalanced. As is well known to those skilled 
in the art, once the unbalanced stator voltages are known, the method of symmetrical 
components can be used to establish the positive sequence voltage, as well as the negative 
sequence voltage. Similarly, the input currents can be decomposed into a set of positive 

1 5 and negative sequence currents 

In the illustrated embodiment, the balanced sets of phasors with a positive 
sequence are used to establish an equivalent circuit for the motor, as represented by block 
1 12. Referring generally to Figure 6, an example of an equivalent circuit, designated 
20 generally by reference numeral 1 14, to the circuit of Figure 2 is illustrated. However, 
other equivalent circuits may be used to represent the motor. For example, various 
electrical parameters may be combined, either in parallel or in series. 

The input voltage to the positive sequence equivalent circuit is designated Vj p . In 
25 Figure 6, each inductance illustrated in Figure 2 has been converted into an inductive 

reactance to facilitate solving for the unknown motor parameters. In addition, some of 
the reactances are combined to simplify the equivalent circuit 1 14. The stator leakage 
reactance X\, designated by reference numeral 1 16, is a function of the electrical 
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frequency /of the power source and the stator leakage inductance L\. The magnetizing 
reactance^, designated by reference numeral 1 18, is a function of the electrical 
frequency /and the magnetizing inductance L m . The rotor leakage reactance Xi, 
designated by reference numeral 120, is a function of the electrical frequency /and the 
5 rotor leakage inductance L 2 . Of the parameters illustrated in Figure 6, the stator 

resistance Ri and the motor slip s can be measured relatively easily. This leaves the 
values of five parameters to be established: X t> Ri X% R 0 and X,. These parameters are 
more difficult to measure than the stator resistance R x and the motor slip s. 

1 o The following procedure enables the values of X\, R% X% R* and X m to be estimated 

based on the positive sequence data. Several assumptions and an approximation are made 
to simplify the process of estimating^, Ri Xi R 0 andX m . Namely, it is assumed that the 
frequency of the power is constant, that the speed of the rotor does not change during the 
gathering of the load point data, and that the reading of the data is done quickly so that the 

1 5 rotor temperature is constant during the gathering of the data. Additionally, it has been 
established experimentally that excellent results are obtained by estimating the stator 
leakage reactance X\ to be 5 % of the magnetizing reactance X m , or: 

X x =.05X m . (1) 

20 

However, this factor may range from .02 to .07. By making this approximation the number 
of unknowns is reduced to four. Thus, only four equations are needed to solve for the 
values of the remaining unknown motor parameters. However, the equations relating these 
unknowns are highly nonlinear and an expression for the remaining unknowns by using 
25 measurements obtained at two load points is nontrivial. In the present technique, this 

process is facilitated by obtaining an actual value for the stator leakage reactance X\ . This 
value is then used in finding the values of the remaining unknowns. 
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In addition, the rotor leakage inductance L 2 and magnetizing inductance L m are 
converted into reactances in Figure 6 to assist in solving the various unknown motor 
parameters. Reactance is a function of the inductance and the frequency /of the circuit. 
The reactances were combined with the rotor resistance Ri and the core loss resistance R c Xo 
form an equivalent reactance X e and a total resistance R t . At a first load point, the total 
resistance R t \ is given by the following equation: 



The first term on the right side of the equation is the reciprocal of the core loss 
resistance R c and the second term is the reciprocal of the new modified rotor resistance as a 
result of decomposing the rotor leakage reactance At the second load point, the total 
resistance R a is given by the following equation: 



Similarly, the equivalent reactances at the two motor load points X e \ and X e 2 are 
given by the following equations: 




(2) 




(3) 



1 1 



X 2 



; and 



(4) 



%e\ %m 




11 



03RE097 



1 1 *2_. (5) 



- . r •+ „ 2 



5-, 



The right hand sides of equations (4) and (5) also have two terms, one resulting from the 
magnetizing reactance X m and the other resulting from decomposing the rotor leakage 
reactance^. 

The equation for the equivalent reactance X e is given as follows: 



e 2A 2A 



where A, B, and C are given by: 

^ = 1.05*.05*5/, 2 ; (7) 

B = -\M x V u s; and (8) 

C = ^ + W, sVMR, -V lR ). (9) 

is the imaginary portion of the voltage and is a function of the amplitude of the power 
source voltage V\ and the sine of the power factor angle. Vir is the real portion of the 
voltage and is a function of the amplitude of the power source voltage V\ and the cosine of 
the phase angle. In addition, the equivalent resistance R e is given by the following equation: 
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(10) 



As discussed above, it was assumed that the stator leakage reactance is 5 %, or 0.05 
of the magnetizing reactance X m . With no load on the motor, the rotor section of the circuit 
is considered open and the value for the slip s is considered to be zero. The total reactance 
of the circuit is made of the sum of the stator leakage reactance X\ and the magnetizing 
reactance X m . Since X\ can be expressed as equal to 0 .05^ , then the total no-load 
reactance can be written as 1 .05 X m . The value of X e at the two load points is used to 
extrapolate the value at no-load to yield X m . The value of X e at zero-load is the magnetizing 
reactance X m . In addition, the slip s is used as a measure of the load. Through 
experimentation using different load points and different motors, it has been found that the 
following equation yields a very close value for the magnetizing reactance X mi to be used for 
estimating the stator leakage reactance X\ : 



In equation (1 1) above, s\ is the slip at a high load and s 2 is the slip at a low load, 
noting that s\ is greater than s 2 . The value of X mi may then be used to establish the value of 
X\ 9 in accordance with equation (1) provided above. 

Once the value of X\ is obtained, new values for R t and X e may be obtained. These 
new values of R g and X e are based on a fixed known value of the stator reactance X h and 
may be determined in accordance with the following equations: 



X mi - X eX + 



(X A -X A ) s_l 



(11) 
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a, = 



1 1_ 

R ,\ R t2 



; and 



(12) 



a 2 = 



(13) 



el 



There now are four equations and four unknowns. The unknowns are Rife, R Ci and 
X m . To eliminate R Ct equation (3) is subtracted from equation (2) to yield the following 
equation: 



( R 2 



R 



a, = 



J 



f R 2 



J 



v S 2 J 



(14) 



To eliminate X m equation (5) is subtracted from equation (4) yielding the following 
equation: 



a 2 = 



*2 


(if 2 } 
K S 2 J 


~*2 


( Tf2 \ 

\ S \ J 




( R 2 \ 
1*1 ) 


( R 2 \ 
\ S 2 ) 





(15) 



From the equations provided above, equations may now be established for R% Xi 
R a and X m . By dividing equation (14) by equation (15), the following relationship for the 
Xi and Ri can be established: 



*2 = Y*2- 



(16) 
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where y is given by the following equation: 



Y = 



-«,(■?, +s 2 ) 
2a 2 s l s 2 



\ a 7j 



(s, + s 2 f + 4s x s 2 



2s x S 2 



(17) 



The rotor resistance R 2 may be established by substituting yR 2 fovX 2 in equation (1 5) and 
using algebraic manipulation to produce the following equation: 



JL 


r_ 


a 2 


a 2 


( 1 ] 




[ 1 1 






U 2 +r 2 J 



(18) 



10 

In addition, the core loss resistance Rc may be established in terms of R 2 and X 2 by 
manipulating equation (2) to produce the following equation: 



R c = 7 



R„ 



(19) 



15 



Finally, the magnetizing reactance X m may be established in terms of R 2 and X 2 by 
manipulating equation (4) to produce the following equation: 
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X m = 



(20) 



X. 



el 




The computer 96 is programmed to use the above-described equations and 
methodology to establish estimated values of rotor resistance R% leakage reactance^ core 
loss resistance R c and magnetizing reactance X m based on the positive sequence data 
obtained at the two load points. In addition, motor speed data also is provided to the 
computer 96. The motor speed data may be the RPM of the motor or the slip. Ideally, the 
measurements at the two load points are made with a very short time separation to avoid 
potential change due to a change in the operating condition of the motor. In addition, in the 
illustrated embodiment the line-to-line electrical resistance of the stator is provided to the 
processor. The phase resistance is established by averaging the line-to-line resistance and 
dividing by 2. 

In the illustrated embodiment, the computer 96 is operable to establish the value of 
the equivalent reactances X eX vsAX el using equations (6) through (10) provided above at 
each load point. The processor also is operable to establish the initial magnetizing reactance 
X mi using equation (1 1) provided above. In addition, the processor is operable to establish 
the value of the phase leakage reactance X t from the magnetizing reactance X mi . Using the 
value of Xi, the computer 96 is operable to find new values for the equivalent resistances 
Rn, Ra,X e i, andX e2 , where: 




71 



(21) 
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10 



15 



20 



(22) 



' 2 s 2 



Referring again to Figure 5, the computer 96 is operable to establish the motor 
output power due to the positive sequence based on the values of X\, Rz X% Rc, and X m 
established above, as represented by block 1 22. In the illustrated embodiment, the 
computer 96 is operable to establish the values of the rotor torque T, the rotor temperature, 
and the output power of the motor for the positive sequence based on the values of R 2 X 2 R C , 
and X m , the positive sequence electrical input data and rotor speed data. The rotor current k 
for the positive sequence may be established using the following equation: 



* " x m ) \ x m R c 



(23) 



The shaft torque for the positive sequence may be obtained from the rotor resistance 
R 2 and the rotor current I 2 , as follows: 



T(N-m)= 



^l R i (24) 



a> s s 



In the above equation, I 2 is the rotor current I 2 , and co s is the mechanical synchronous speed 
in rad/second given by: 



G>s = 



t (25) 

P 



In this equation, / is the alternating current frequency in Hz and p is the number of poles 
of the motor. 
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The shaft torque may be converted to foot-pounds by multiplying the torque in 
Newton-meters by 0.738. In addition, the shaft torque is modified by subtracting the 
friction and the windage loss W F &w and the stray load loss using published values and 
IEEE standards, as shown in the following table: 



Motor Power SLL% of output power 
1-125 HP 1.8 
126-500 HP 1.5 
501-2499 HP 1.2 



The estimated output mechanical power P M for the positive sequence may be established 
from the torque T and the rotor speed data. 

Referring again to Figure 5, the computer 96 is operable to use the circuit values 
obtained from the positive sequence data to produce an equivalent circuit for the negative 
sequence, as represented by block 124. Referring generally to Figure 7, an equivalent 
circuit 126 for the negative sequence is illustrated. The input voltage to the negative 
sequence equivalent circuit is designated V !n . The slip s is the normalized difference 
between the speed of the rotating air-gap magneto motive force (MMF) and the rotor 
speed. If the positive sequence currents produce a MMF that urges the rotor to rotate in a 
counter-clockwise direction, then the negative sequence currents produce a MMF that 
urges the rotor to rotate in the clockwise direction. Hence, the normalized difference 
between the MMF and the rotor speed can be written as (2-s). In the equivalent circuit 
126 for the negative sequence, the resistance of the rotor, designated by reference numeral 
128, is obtained by dividing the rotor resistance R2 by (2-5). 
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The computer 96 also is operable to use the techniques described above to 
establish the output power of the motor for the negative sequence, as represented by block 
130. The technique may also establish the torque of the motor, and other motor operating 
parameters from the negative sequence. 

The computer 96 also is operable to establish the output power of the motor based 
on the values of the output power derived from the positive sequence and the negative 
sequence, as represented by block 132. Because the positive sequence currents urge the 
rotor to rotate in a one direction and the negative sequence currents urge the rotor to 
rotate in the opposite direction, the output power of the motor is the difference in the 
magnitude of the output power produced by the positive sequence and the magnitude of 
the output power produced by the negative sequence. 

The computer 96 also is operable to establish the efficiency of the motor, as 
represented by block 134. In the illustrated embodiment, the computer 96 divides the motor 
output power by the electrical input power to establish the efficiency of the motor. 



P , 
_ out 

P. 
in 



(26) 



The techniques provided above enable the efficiency of the motor, and other 
operating parameters, to be established under balanced conditions, as well as unbalanced 
conditions. As the motor approaches operation in a balanced condition, the magnitude of 
the balanced set of phasors with the negative sequence decreases. Ultimately, when the 
motor is operated in a balanced condition, the output power produced by the negative 
sequence is zero and the positive sequence produces the output power of the motor. 
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While the invention may be susceptible to various modifications and alternative 
forms, specific embodiments have been shown by way of example in the drawings and 
have been described in detail herein. However, it should be understood that the invention 
is not intended to be limited to the particular forms disclosed. Rather, the invention is to 
5 cover all modifications, equivalents, and alternatives falling within the spirit and scope of 
the invention as defined by the following appended claims. 
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